Introduction {#s0005}
============

*Hepacivirus*, *Flavivirus*, *Pestivirus*, and *Pegivirus* are the four genera of viruses belonging to the *Flaviviridae* family that have been discovered to date [@b0005], [@b0010], [@b0015]. This family includes dangerous human pathogens that pose worldwide health risks, such as hepatitis C virus (HCV), dengue virus, yellow fever virus, Japanese encephalitis virus, West Nile virus, and Zika virus (<https://www.cdc.gov/vhf/virus-families/flaviviridae.html>). All *Flaviviridae* have a single-stranded, non-segmented RNA genomes that encode for a single, non-functional polyprotic chain [@b0020]. This viral polyprotein is processed into several structural and non-structural/functional proteins upon cleavage by viral and host proteases [@b0020], [@b0025]. NS4A is a small peptide commonly encoded in all *Flaviviridae* family and considered as essential non-structural protein for replication, though its role is not the same among these viruses [@b0020]. In hepatitis C virus (HCV), the non-structural protein NS4A is a small hydrophobic peptide (54 amino acid) with multiple functions. NS4A is a necessary component not only for the activation of NS3 (both protease and RNA-helicase domains) [@b0030], [@b0035] but also for its integration to the host cell's endoplasmic reticulum [@b0040]. In addition, NS3/4A helps the virus in evading the host immune response to the viral invasion *via* cleavage and inactivation of CARDIF and TRIF, two critical sensing proteins that trigger antiviral responses [@b0045], [@b0050]. To accomplish its assembly-assistant role, NS4A's hydrophobic N-terminal residues (21'-34') intercalate between the A~0~ and A~1~ β-sheets at the N-terminal of the NS3 apoprotein to form an active protease [@b0055], [@b0060]. This assembly brings the NS3 N-terminal together and rearranges the apoprotein into an α-helix (residues 13--22) and a β-strand (A~0~ sheet, residues 2--10). Structural studies have provided evidence that NS4A binding optimizes the distances of the catalytic triad (His-57/Asp-81/Ser-139) to bolster the catalytic activities of NS3 by approximately 950 fold [@b0065]. Several studies have reported that the central hydrophobic region (residues 21'--32') of NS4A is sufficient for NS3 *in vitro* protease activation [@b0055], [@b0070], [@b0075], [@b0080], [@b0085], [@b0090]. Furthermore, serine and alanine scanning have revealed that the odd-numbered hydrophobic residues Val-23', Ile-25', Gly-27', Ile-29', and Leu-31', but not the even-numbered residues in the sequence, are crucial for the enzyme activation [@b0080]. In fact, following the identification of NS3/4A protease as a target to develop HCV antiviral agents, the NS4A binding site has been proposed as a target for allosteric NS3 inhibitors. Without much of experimental corroboration, it has been postulated that a competitive ligand for this site might alter the structure of NS3 and the conformation of the active site sufficiently, leading to an inactive enzyme [@b0095]. For instance, Kim et al reported crystal structure of NS3/4A complex and detailed features of NS4A binding. In conclusion, they suggested that this site should be considered as a suitable target to develop NS3 inhibitors [@b0055]. Similar theoretical arguments were provided in other studies that were directed to specifying the NS4A residues involved in binding with NS3 protease [@b0085], [@b0070]. In another study, also directed to determination of important NS4A residues, it was found that replacing the positively charged Arg-28 residue by a neutral Gln produced an inhibitor of NS3 that binds to the NS4A pocket [@b0080]. Three years later, De Francesco et al argued against this approach because "The interaction between NS3 and NS4A involves a very large surface area and therefore it is not a likely target for the development of inhibitors" [@b0100]. Interestingly, Kim et al used similar argument against the NS3/4A substrate site as they characterized it as shallow, solvent accessible and has large surface area [@b0055]. Their theory was conflicted by successful development of substrate-site peptidomimetic inhibitors of NS3/4A as the first approved class of HCV direct antiviral agents (DAAs) [@b0105]. Because of conflicting information and because one inhibitor example (Arg-NS4A-Gln) cannot be considered enough evidence to make conclusion in favor or against the concept of NS4A site inhibitors, we decided to investigate this approach with NS4A synthetic peptide analogues in a systematic and conclusive work. Our hypothesis was that mutating certain residues (Val-23', Ile-25', and Ile-29') in HCV-NS4A to bulkier amino acids should be able to bind in higher affinity than the native NS4A but inactivate this enzyme. The success of these peptides to replace the native NS4A and inhibit the enzyme was envisioned to pave the way to design non-peptide HCV NS4A binding site inhibitors and possibly, other related viruses of *Falviviridae*. A good example to follow was the development of HCV NS3/4A substrate site inhibitors, which was coined subsequent to studies on synthetic peptide substrate analogues [@b0110], [@b0115], [@b0120] and later evolved to non-peptide small molecule DAAs [@b0105], [@b0125]. Accordingly, synthetic peptide inhibitors are suitable, by scientific principles, to validate the approach, gain information about structure-activity relationships and set forth protocols of enzymatic assays. We were also determined to focus primarily on testing variable size mutants, investigate their binding affinity, competition potency and inhibition of HCV NS3 as the scope of our study.

Material and methods {#s0010}
====================

Material and reagents {#s0015}
---------------------

Unless mentioned otherwise, all chemicals were of molecular biology grade and purchased from Sigma Aldrich (St Louis, MO, USA).

NS4A wild type and mutants {#s0020}
--------------------------

NS4A wild type, mutants, and fluorescein isothiocyanate-NS4A (FITC-NS4A) synthetic peptides were ordered from GenScript (Hong Kong). Synthetic NS4A mutant peptides ([Table 1](#t0005){ref-type="table"}) were ordered from Biosynthesis (Lewisville, TX, USA). All synthetic peptides used in this study contained Lys-Lys (KK) termini to increase aqueous solubility; moreover, the synthetic peptides possessed a purity of 85% or higher (LC/MS).Table 1Structure of native and mutant NS4A used in this study. The structures of the unnatural *S*-amino acids xG and hI are illustrated in [Fig. 1](#f0005){ref-type="fig"}.CodeStructureType of mutationNS4AGSV~23~VI~25~VGRI~29~VLSGNativePep-1GSVVIVGR**F~29~**VLSGIle-29Pep-2GSVVIVGR**W~29~**VLSGPep-3GSVVIVGR**A~29~**VLSGPep-4GSVVIVGR**hI~29~**VLSGPep-5GSVVIVGR**xG~29~**VLSGPep-6GSVV**F~25~**VGRIVLSGIle-25Pep-7GSVV**W~25~**VGRIVLSGPep-8GSVV**A~25~**VGRIVLSGPep-9GSVV**hI~25~**VGRIVLSGPep-10GSVV**xG~25~**VGRIVLSGPep-11GS**F~23~**VIVGRIVLSGVal-23Pep-12GS**W~23~**VIVGRIVLSGPep-13GS**A~23~**VIVGRIVLSGPep-14GS**hI~23~**VIVGRIVLSGPep-15GS**xG~23~**VIVGRIVLSG

NS3 construct {#s0025}
-------------

A synthetic gene coding for the NS3 domain of HCV genotype-4 (HCV-4) [@b0130], the most abundant HCV in Saudi Arabia and Egypt [@b0135], [@b0140], was synthesized by GenScript (Hong Kong); moreover, the nucleotide sequence was optimized for *E. coli* codon usage. The synthetic gene fragment *Nde*I-*Bam*HI was cloned into the expression vector pET-3a (Novagen-Merck KGaA, Darmstadt, Germany). The resulting construct was sequenced to confirm that the clone containing the gene is in the correct frame.

Protein expression {#s0030}
------------------

The NS3 domain of HCV-4 was expressed in *E. coli* Rosetta (DE3) pLysS, according to standard procedures [@b0055]. A synthetic gene coding for the NS3 domain was subcloned into the expression vector pET-3a. *E. coli* Rosetta (DE3) pLysS cells, freshly transformed with the pET-3a plasmid, were grown at 37 °C in luria bertani (LB) agar supplemented with 50 μg/mL ampicillin. In the process, 100 mL of bacterial culture in Luria Broth (LB) medium was grown overnight at 37 °C and used to inoculate 10 L of LB medium in a 14-liter fermenter flask (New Brunswick Scientific Co., CT, USA). The media was supplemented with ampicillin (50 μg/mL). The culture was grown until it reached an OD~600~ of 0.5--0.6, then it was cooled to 25 °C and 1 mM isopropyl-β-thiogalactoside (IPTG) was added. Proteins were expressed overnight, and the cells were harvested on the following day.

Protein purification {#s0035}
--------------------

The proteins were purified using equilibrated nickel nitrilotriacetic acid (Ni-NTA) beads, and the poly-histidine tag was not removed. During the process, the cells were re-suspended (1 g/5 mL) in buffer (50 mM *N*-2-hydroxyethyl-piperazine-*N*′-2-ethanesulfonic acid \[HEPES\], 0.3 M NaCl, 10% glycerol, 2 mM β-mercaptoethanol, pH 8). Lysozyme was added (1 mg/mL) followed by a protease inhibitor cocktail tablet and the suspension was subsequently sonicated. The cellular lysate was centrifuged to collect the clear supernatant that contained the desired NS3 protein. The protein was then purified using pre-equilibrated Ni-NTA beads (Qiagen, USA). The beads were washed with buffer (50 mM HEPES, 0 3 M NaCl, 10% glycerol, 2 mM β-mercaptoethanol, 20 mM imidazole, pH 8) and eluted with another buffer (50 mM HEPES, 0.3 M NaCl, 10% glycerol, 2 mM β-mercaptoethanol, 350 mM imidazole, pH 8). Fractions were collected and concentrated using an Amicon Ultra-4 3000 MWCO centrifugal device (Millipore, Germany). Protein purity after Ni-affinity purification step was never less than 70%. The purity, as estimated by SDS-PAGE, was sufficient to perform all experiments described in this study; moreover the protein was stable for several hours during the test conditions [@b0130].

When needed, further purification of the protein was carried out on Superdex 75 16/90 column (GE Healthcare, USA) equilibrated in buffer (20 mM HEPES, 10 mM Dithiothreitol \[DTT\], 200 mM NaCl, pH 7.6) and ran at rate of 1 mL/min, followed by SDS-PAGE for purity estimation (see [Supplementary Material](#s0140){ref-type="sec"}, [Fig. S1](#s0140){ref-type="sec"}).

Binding studies using differential static light scattering (DSLS) {#s0040}
-----------------------------------------------------------------

We studied the binding capacity between NS4A and its mutants and NS3 by DSLS using Stargazer-2™ (Harbinger Biotechnology and Engineering Corporation, Toronto, Canada). This method assesses protein stability by monitoring aggregate formation by gradually elevating the temperature [@b0145]. NS3 domain stability upon binding to NS4A was measured by monitoring denatured protein aggregation at 600 nm upon increasing the temperature from 25 to 85 °C (with 0.5 °C increments).

The NS3 domain (15 µM) (alone or mixed with specified molar equivalents of synthetic peptides) was added to the binding buffer (20 mM HEPES, 10 mM DTT, 200 mM NaCl, pH 7.6). The mixture was incubated at 23--25 ℃ with gentle shaking for a specified amount of time. Afterward, 10 µL of the mixture was transferred to a clear bottomed Nunc 384-well plate and covered with 10 µL of paraffin oil to minimize evaporation. Protein aggregation was monitored by tracking the changes in scattered light using a charged coupled device camera. Snapshot images of the plate were taken after every 0.5 °C increment. The pixel intensities in each preselected region of the wells were integrated using an image analysis domain impeded in Sargazer-AIR® software to generate a representative value of the total amount of scattered light in that region. The intensities were then plotted against temperature for each sample well, and fitted to obtain the aggregation temperature (T~agg~). Aggregation was monitored and analyzed to assess the effect of NS4A and its synthetic analogs on the stability of NS3 as an indicator of binding.

Determination of the dissociation constant of NS4A {#s0045}
--------------------------------------------------

Fluorescence anisotropy was used to determine the numerical binding affinity (in terms of the dissociation constant \[*K*~d~\]) of NS4A and its mutant Pep-15 (the synthetic mutant that showed higher affinity than the native NS4A in the previous DSLS, see Results and Discussion section below).

Serial dilutions of NS3 were prepared in a 96-well plate using a binding buffer (20 mM HEPES, 10 mM DTT, 200 mM NaCl, pH 7.6), 0.1 µM fluorescein isothiocyanate-labeled NS4A (FITC-NS4A) was added and shaken for 15, 45, 90 and 120 min at room temperature. A total of 20 µL of the mixture was then transferred to a black reading Nunc 384-well plate. Fluorescence was measured at 480/520 nm (excitation/emission) using a PHERAstar™ plate reader (BMG Labtech, Ortenberg, Germany). Emitted fluorescence was proportional to the concentration of the FITC-NS4A/NS3 complex (bound form).

Binding affinity, expressed as the dissociation constant (*K*~d~) of NS4A, was calculated using the non-linear regression equation in GraphPad Prism v.7 software (La Jolla California USA), according to the following equation:$$Y = B_{max} \ast X/{(K_{d} + X)}$$

where B~max~ is the maximum specific binding capacity in the same units as Y and was fitted to data to produce a *K*~d~.

Pep-15 and FITC-NS4A competition assay {#s0050}
--------------------------------------

To measure the binding affinity of the mutant NS4A Pep-15, we designed a competition assay as follows: 1.8 µM NS3 and 0.1 µM FITC-NS4A were mixed and added to a serial dilution of Pep-15 ranging from 100 µM to 0.195 µM; then, fluorescence was measured under excitation/emission wavelengths of 480/520 nm.

The binding affinity expressed as the dissociation constant (*K*~d~) of Pep-15, was determined by non-linear fitting of a single binding site using prism in GraphPad Prism v.8 software.

Enzyme inhibition assay {#s0055}
-----------------------

The assay was performed using SensoLyte-520® HCV Protease Assay Kit \*Fluorometric\* (Anaspec, Fremont, CA, USA), after modifying the procedure to suit the purpose of measuring allosteric inhibition. NS3 (4.0 µM) was mixed with Pep-15 (concentrations ranging from 0.001 to 50 µM) for 15 min. The kit contains a substrate peptide SLGRKIQIQ, which is derived from the NS4A/NS4B cleavage site. The substrate peptide was conjugated to 5-carboxyfluorescein (5-FAM) as a donor (fluorophore) and QXL™520 as an acceptor (quencher) [@b0150]. The system is known as fluorescence resonance energy transfer (FRET). This FRET analysis was performed as instructed by the manual provided by the kit and fluorescence was monitored at 490/520 nm (excitation/emission).

Molecular modeling {#s0060}
------------------

### Hardware and software {#s0065}

Molecular modeling experiments were performed using SYBYL-X v2.0 software package (licensed to the Faculty of Pharmacy, King Abdulaziz University) installed on a common desktop running Windows 7 operating system equipped with the Samsung SyncMaster 2233RZ 120 Hz LCD Display™ (3D ready) and the Nvidia GeForce 3D Vision Glasses Kit™. The images were generated using Pymol v. 2.3, free online software (<https://pymol.org/2/>).

### Protein preparation {#s0070}

The 3-dimensional structure of the NS3/4A protease [@b0090] was downloaded from the Protein Data Bank (<https://rcsb.org>, Code: 1NS3), and its dimeric structure was simplified to a monomer and optimized using SYBYL-X's tools (Biopolymer \> Prepare Structure). The Pep-15 was prepared using Biopolymer \> Composition \> Mutate Structure tools.

### Molecular mechanics {#s0075}

Molecular mechanics was performed using SYBYL-X's Staged Minimization tools (Force Field: Amber 7 FF02, Charges: Amber) [@b0155].

### Molecular dynamics (MD) {#s0080}

MD simulations were set on the following parameters: length = 2,000,000 fs, temperature = 310 K, snapshot every 5 fs, step 1 fs, max iterations = 100, non-bonded update very 25 fs, energy setup Amber 7 ff02 force field. Other parameters were used according to the default parameters given by Sybyl-X.

Results and Discussion {#s0085}
======================

The rationale of the study {#s0090}
--------------------------

As mentioned above, when NS4A binds to the protease domain of NS3, it attains the form of a β-strand that intercalates the A~0~ and A~1~ β-strands at the N-terminal of the apoprotein. Based on crystallographic studies, NS4A appears as an extended strand, except for one backbone bond between α-carbon and the carbonyl of Val-26'. We noticed that this kink is conserved in the NS3/NS4A structures hosted on the Protein Data Bank (PDB) archive [@b0055], [@b0160], [@b0165], [@b0170]. For instance, PDB code 1NS3 shows a *cis* bond with a nearly eclipsed dihedral angle of 14°, facilitated by the presence of Gly-27'. In context, this might explain why the Gly-27 sequence is necessary for binding and activating NS3 (for further details about NS4A conformations, see [Supplementary Material](#s0140){ref-type="sec"}, [Figs. S2--S4](#s0140){ref-type="sec"}). We concluded that peptides with mutations at Gly-27 should fail to bind and, therefore, we did not include those mutants in our study.

The even-numbered NS4A residues (Ser-22', Val-24', Val-26', Arg-28', Val-30', and Ser-32') were facing and interacting with the solvent-exposed A~0~ sheet (residues Thr-4 to Gln-9) at the N-terminal of the NS3 protein. Conversely, odd-number NS4A residues (Val-23', Ile-25', Gly-27', Ile-29', and Leu-31') were facing inward, towards the A~1~ sheet (residues Glu-58 to Ser-63), which is mostly buried within the protein's core [@b0090]. Therefore, we hypothesized that certain bulkier hydrophobic mutated core residues (Val-23', Ile-25', and Ile-29') might be capable of binding; however, this binding occurs with induction of local conformational changes to their corresponding NS3 binding pockets, which could collectively affect the allosteric regulation of the active site's conformation. Changes in the active site likely make it less suitable for binding and catalyzing substrate proteins.

Based on the aforementioned hypothesis, five mutations for each one of the three core residues, Val-23', Ile-25', and Ile-29', (a total of 15 peptides) were tested for their capacity to bind to NS3 ([Table 1](#t0005){ref-type="table"}). Four of the amino acids in the synthetic NS4A mutants were bulkier than the corresponding native residues. Two of the bulky mutants were naturally-occurring Phe and Trp, while the other two were unnatural cyclohexylglycine (xG) and homo-isoleucine (hI) ([Fig. 1](#f0005){ref-type="fig"}). xG was selected because it is slightly bulkier than isoleucine and valine and has a cyclic conformation. Homo-isoleucine was selected due to its highly flexible side chain, which includes three rotatable bonds whereas xG has only one rotatable bond. Phe and Trp were used as substitutes because they had a markedly larger size than the targeted residues of the native NS4A. The fifth mutation at each targeted position was alanine and was performed to check if previously reported Ala mutants inhibited NS3 after binding or without binding [@b0080].Fig. 1Structures of xG and hI used as synthetic NS4A analogues.

The binding affinity of NS4A to NS3 {#s0095}
-----------------------------------

First, to determine the binding affinity of these mutants, we established the binding affinity of the native NS4A as a positive reference/control. However, because of the lack of consideration of NS4A as a drug target [@b0100], selection of techniques and experimental conditions had to be resolved before proceeding with the tested synthetic analogs (Pep-1 to Pep-15, [Table 1](#t0005){ref-type="table"}). DSLS was performed since it is a label-free method and, thus, it should be a more appropriate technique for this purpose [@b0175], [@b0180].

DSLS evaluates the non-covalent binding of a ligand to a protein by measuring the stability of the protein, expressed as shifts in aggregation temperature (T~agg~), in the absence and the presence of ligands [@b0180]. In this context, we established optimal conditions for our binding assay first by varying the incubation time, temperature, and protein/peptide ratio. Throughout the process, we adhered to previously reported conditions [@b0185] by mixing NS3 with the synthetic NS4A for 15 min at room temperature. Disappointingly, after repeating the experiment several times and with different batches of protein, it was determined that only weak T~agg~ shifts with high standard error of mean (SEM) were being obtained (Entry 1, [Table 2](#t0010){ref-type="table"}).Table 2Optimization of the conditions for the DSLS binding affinity tests. The NS3 protein was mixed with NS4A at specified conditions with gentle shaking. The change in stability is expressed as aggregation temperature shifts (ΔT~agg~) = T~agg~ (NS3) - T~agg~ (NS3 + NS4A).EntryTime (min)Temp. (°C)Molar ratio (NS4A:NS3)ΔT~agg~ (°C)SEM (°C)115251:1\<0.5 (average)\>1.0 (average)230251:11.6200.383360251:12.0900.1354120251:11.9700.135512041:10.9980.270630371:11.7090.355790251:22.8300.119830251:23.1600.851

We increased the incubation time to 30 min (Entry 2) and found that the T~agg~ shift increased to 1.6 °C, but the SEM (±0.39 °C) remained unsatisfactory, indicating that more time could be needed for NS4A to assemble completely. After 1 h of binding with NS4A (Entry 3), the aggregation temperature climbed to approximately 2.1 ± 0.13 °C and became stable over the next hour (Entry 4). Changing the temperature (Entries 5 and 6) did not help stabilize the protein further (more details in [Supplementary Material](#s0140){ref-type="sec"}, [Fig. S5](#s0140){ref-type="sec"}). Reproducibility of the highest T~agg~ shift values, within acceptable standard errors, was obtained by shaking NS3 with NS4A at a 1:2 ratio at room temperature for 2 hrs. Under these conditions, NS3/4A binding resulted in a ΔT~agg~ value of 2.83 ± 0.12 °C ([Fig. 2](#f0010){ref-type="fig"}).Fig. 2The DSLS spectrum of HCV genotype-4 NS3 without NS4A (left) and after mixing with native NS4A~21'-34'~ core (KK-GSVVIVGRIVLSG-KK) (right) for 2 h at room temperature with shaking.

To quantify the expression of the binding affinity, we measured the dissociation constant *K~d~* for NS3-NS4A using fluorescence anisotropy. In this method, a fixed amount of FITC-labelled NS4A was mixed with increasing concentrations of unlabeled NS3. [Fig. 3](#f0015){ref-type="fig"}A illustrates that 15 min of mixing is insufficient to reach an association/dissociation equilibrium, which is confirmed by the DSLS experiments. Binding of NS4A in our acellular conditions was completed over longer periods of time, and the mixture stayed stable for at least 2 h. The fluorescence anisotropy experiments also determined that the binding affinity of NS4A towards the NS3 enzyme presented a *K~d~* value of 169.3 ± 3.7 nM (1.5 h) under the previously specified conditions ([Fig. 3](#f0015){ref-type="fig"}B).Fig. 3(A) Fluorescence anisotropy curve of FITC-NS4A (0.1 µM) with NS3 genotype-4 (at different concentrations). Each plot specifies the effect of time on fluorescence. (B) Fluorescence anisotropy plot between variable concentrations of NS3 genotype-4 and 0.1 µM of FITC-NS4A~21'-34'~ core after an incubation period of 90 min. The curve and the dissociation constant was calculated using the single binding site model implemented in GraphPad Prism v.7 software.

The binding affinity of NS4A synthetic analogs {#s0100}
----------------------------------------------

We have taken advantage of the fact that DSLS is a label-free method and used it to measure the relative binding affinity of NS4A synthetic analogs (listed in [Table 1](#t0005){ref-type="table"}) and compared them to the native NS4A~21'-34'~ peptide, in terms of T~agg~ shifts. Results from the DSLS analysis revealed that some of these NS4A mutants could bind to NS3, particularly those with mutations occurring at position Ile-23' (Pep-11 to Pep15), at ratio of 2:1 (Peptide:Protein) ([Fig. 4](#f0020){ref-type="fig"}A). The mutant peptide Pep-15 (Val23'-NS4A-xG) exhibited a higher binding affinity than the native peptide in all conditions (see [Supplementary Material](#s0140){ref-type="sec"} [Fig. S6](#s0140){ref-type="sec"}). The highest T~agg~ shift obtained for Pep-15 was 3.90 °C, which was 1.07 °C higher than that of the native NS4A (2.83 °C) at conditions at 2:1 ratio, room temperature for 2 h) ([Fig. 4](#f0020){ref-type="fig"}B).Fig. 4(A) Changes in the stability of NS3 expressed as differences in aggregation temperature (ΔT~agg~) ± SEM (see Supplementary Material) when NS3 (15 µM) was mixed with NS4A or its peptide analogs (Pep-1 to Pep-15) and the protein without a cofactor site ligand. Each peptide is colored differently, and stability is expressed in two bars: The bottom bar represents a molar ratio of 1:1 while the top bar represents a molar ratio of 2:1 (Pep:Protein). (B) Aggregation of the NS3 protein under thermal denaturation (DSLS measurement). NS3 alone (left) and a mixture of 15 µM NS3 and 30 µM Pep-15 (right). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

We measured the affinity of Pep-15 using a fluorescence competition assay with FITC-NS4A. In this test, Pep-15 and FITC-NS4A~21'-34'~ were mixed with NS3 at the concentration calculated for equilibrium at the binding constant (0.1 µM and 1.8 µM, respectively); while Pep-15 was added with increasing concentrations, starting from 0.19 µM to 100 µM. The effect of Pep-15 on the fluorescence anisotropy, compared to that of the positive control (mixture without Pep-15 having maximum fluorescence), reflected the level of competition of this peptide for binding to NS4A. The results show that increasing the concentration of Pep-15 produced a concomitant decrease in fluorescence. This was a clear evidence of the ability of Pep-15 to compete with FITC-NS4A~21'-34'~ and replaces it as aNS3 ligand. Using GraphPad Prism 7, The *K~d~* value of Pep-15 was calculated at 70 nM ([Fig. 5](#f0025){ref-type="fig"}). It was also noted that the Pep-15 and NS3 complexwas remarkably stable over a significant period of time as indicated by nearly equal fluorescence emissions after 90 and 120 min ([Fig. 5](#f0025){ref-type="fig"}, black and red plot curves). Results ofthe fluorescence anisotropy assay was aligned with thermal stabilization tests using DSLS which revealed that Pep-15 binds to NS3 more potently than the native NS4A.Fig. 5Fluorescence anisotropy curve of FITC-NS4A/NS3 (0.1/1.8 µM) plotted against varying concentrations of Pep-15.

Conclusively, Pep-15, a bulkier Val-23' mutant, competes with the native viral peptide and binds to NS3 protease with higher potency.

Enzyme inhibition assay {#s0105}
-----------------------

After confirming the effectiveness with which Pep-15 binds to NS3 by replacing the native NS4A, Pep-15 was tested for its ability to inhibit the protease activity of the NS3 enzyme ([Fig. 6](#f0030){ref-type="fig"}). The positive control of this test was provided in the Sensolyte™ kit manual. Thus, if fluorescence was observed after mixing NS3 and NS4A with 5-FAM-substrate, it was considered that these were 100% active (positive control). The NS3 domain (without NS4A) exhibited 39% of the activity obtained from the positive control. Mixing NS3 and Pep-15 (by making 1:2 serial dilutions from 50 µM to 97.6 nM) maintained 69.7% of the enzymatic activity during the first 60 min (fluorescence was measured at intervals of 10 m). After 60 min, it was observed that enzymatic activity completely ceased as compared to the positive control. Even though this experiment was a simple and qualitative test, it provided sufficient evidence to suggest that Pep-15 binds to and forms an inactive complex with NS3. The delayed inhibition of the enzymatic activity observed here coincides with the amount of time (approximately 1 h) required for both NS4A and Pep-15 to intercalate effectively and reach stable complex with NS3 in acellular conditions.Fig. 6The catalytic activity of NS3 in the presence or absence of Pep-15. NS3 (4 µM) was mixed with Pep-15 (serial dilution), and then 5-FAM-substrate was added after 15 min. The activity was monitored by measuring fluorescence (excitation 490 nm, emission 520). Fluorescence = Reading-Substrate (in buffer). Control = NS3 + NS4A + Substrate; other columns are NS3 + Buffer + substance specified on each column. The vertical axes (activity % from control) = (fluorescence emission of specified condition/fluorescence emission of control) × 100.

Molecular dynamics (MD) analysis of the impact of Pep-15 binding to NS3 {#s0110}
-----------------------------------------------------------------------

The aim of this modeling study was to investigate possible changes in the active site of NS3 when complexed with Pep-15, instead of native NS4A. Among the many crystal structures of HCV NS3/4A protease present in the protein data bank (PDB), few (e.g. entries 1NS3 [@b0090] and 1A1R [@b0055]) contain the NS4A component as an external synthetic peptide that has been added to an expressed NS3 (non-fusion protein). The vast majority of crystallographic studies utilized NS3/4A constructs as fusion (one strand) proteins because they were focused on discovering substrate site inhibitors for NS3/4A [@b0190], [@b0195], [@b0200]. Fortunately, we found that the conformation of NS4A is almost identical amongst the crystal structures present in PDB, regardless of the genotype [@b0190], [@b0195], [@b0200] or fusion status [@b0055], [@b0090], [@b0200] (see [Supplementary Material](#s0140){ref-type="sec"}, [Fig. S2](#s0140){ref-type="sec"}). When Val-23 was mutated to xG, the new complex was checked visually; nonetheless, no major steric conflicts with any residue around the cyclohexyl group were observed. The shortest distance measured between molecules was 3.2  Å, between the xG side chain and Ala-59. Applying molecular mechanics (energy minimization) did not change the structure of the NS3-Pep15 complex significantly (root mean square deviation, RMSD = 0.29 Å). Most importantly, Pep-15 maintained favorable hydrophobic contact with Phe-43, Leu-64, and Trp-85, which, along with Ala-59, accommodate Val-23 into a well-formed hydrophobic pocket.

A molecular dynamics (MD) analysis was performed to check the stability of this complex for 2 ns. It was observed that the NS3-Pep15 complex reached total energy stability after approximately 0.5 ns ([Fig. 7](#f0035){ref-type="fig"}A), but the structure of the complex changed dramatically (RMSD = 3.8 Å).Fig. 7Molecular Dynamics (MD) simulation of Pep-15 created by mutating Val-23 in the crystal structure PDB Code: 1NS3 [@b0090]. (A) A plot of total energy for 0.0 to 2.0 ns. (B) Comparison of the catalytic triad positions before (blue) and after (orange) molecular dynamics simulations. Note the minimal motility of Asp81 and His57. The striking motion (8.4 Å) of Ser139 leads to the loss of hydrogen bonding. (C) The change in the hydrophobic pocket (around xG) from its initial structure (0.0 ns) (left) and final trajectory (2.0 ns) (right). The residues contributing to the pocket occurred on the solvent-excluded (Connolly) surface. NS3 residues are colored in green while Pep-15 is colored in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

A visual examination of the pose produced after performing the MD simulation revealed that striking changes occurred following the interaction between the bulkier cyclohexyl group of xG and surrounding hydrophobic residues accommodating the Val-23', particularly Ala-59. It was determined that when NS4A intercalates the A~0~ and A~1~ sheets of NS3, it forms a deep hydrophobic pocket around Val-23' (formed of Phe-43, Ala-59, Leu-64, and Trp-85), which reorders Ala-59 and helps the α1-helix (residues Tyr-56 to Gly-60) fold. Subsequently, His-57, an essential member of the catalytic triad, is rearranged resulting in a polar interaction with the second residue in the catalytic triad, Asp-81 (located in F1 β-sheet) [@b0090]. Implementing the MD simulations caused some shift in the conformation of both the Pep-15 xG side chain and the hydrophobic residues around it ([Fig. 7](#f0035){ref-type="fig"}C). A crucial trajectory in our MD simulation was the motility of Ala-59, where a 3.5 Å shift was observed. Regardless of the number of shifts occurring in all residues ([Fig. 7](#f0035){ref-type="fig"}C), this hydrophobic pocket did not collapse, and the cyclohexyl side chain of xG maintained its presence as well as interactions within this hydrophobic pocket after the MD simulation ([Fig. 7](#f0035){ref-type="fig"}C). However, the shift in Ala-59 brought changes to the catalytic triad, particularly in Ser-139. This residue lies in a flexible loop connecting α2-helix and D2-sheet. After 2.0 ns of MD simulations at 310 °K, Ser-139 was obviously shifted safrom its catalytic triad companions, His-57 and ASP-81, by 5.9 Å, thus losing interaction with them. It was surprising that His-57 and its imidazole ring shifted only1.6 Å while its imidazole ring shifted 0.8 Å repecitvely. Therefore, the MD simulations suggest that the xG mutation does not disrupt the ionic interaction between His-57 and Asp-81; nonetheless, it damaged the catalytic apparatus of the NS3 enzyme ([Fig. 7](#f0035){ref-type="fig"}B). The MD experiments, in our view, furnished insight on how and why Pep-15 binds to HCV-NS3 to form an inactive complex.

Conclusion {#s0115}
==========

Validating NS4A competitors as a new concept for development of efficient antiviral agents has been suggested in 1990s upon the characterization on NS3/4A protease as a target for development of HCV agents, but it has largely under explored. The question remained for more than two decades whether ligands of NS4A binding pocket will inhibit the function of NS4A. The answer of this question has been settled in this work using a series of bulkier mutants of NS4A~21'-34'~. We identified Val-23'-NS4A~21'-34'~-xG (Pep-15) as a bulkier mutant that bind to NS4A site and inhibit the HCV-NS3 catalytic function by forming an inactive complex. Regardless of whether Pep-15 can be considered a drug candidate, this accomplishment encourages more research towards discovering new classes of potent HCV NS3 protease inhibitors. It also set forth a future strategy to design non-peptide mimics of NS4A, which is currently undergoing and will be published elsewhere. Future research could have far-reaching effects since NS4A is a common factor in the *Flaviviridae* family of viruses.
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